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Abstract
The recent growth of renewable sources has led to relevant effects in terms of land consuming, social acceptance, distributed 
energy generation, non continuous production caused by non-programmable sources such as wind and solar one also 
characterized by low energy density per surface unit. These issues will be addressed in the next future through the concept of 
energy smart grid, provided by ICT (Information and Communication Technology). The aims of this paper is to show the 
preliminary results of the research activities carried out by several operative unities of the Universities of Perugia and Cusano, 
within a national research project, where one possible solution for renewable energy integration to solve the criticisms in 
renewable sources application is proposed modeled. The model prototype for energy production could be good applied in 
existing ancient building with vertical extension such as the dove towers typical of rural areas in central Italy. The preliminary 
design of the prototype is applied to a chosen case study in Perugia: it consists in an integrated system in which the tower is
converted to an energy system for renewable energy production, storage and supply, based on photovoltaic, hydropower and 
geothermal heat pump with boreholes integrated to micropiles. Energy managing is leaded by an intelligent system, by 
combining meteorological forecasting to predict energy productions by renewables with the energy demand needs. In particular, 
the concept of this project is mainly effective because in the rural areas there are many little building centers that are abandoned 
because they are without any connection to the electricity grid and methane piping: the possibility to create an autonomous 
energy system is the basis for energy supply. 
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Nomenclature
Vi tank volume 
Hi height at sea level
Ș electric efficiency of the pump
t empty time 
g constant of gravity
Lgeo total length of geothermal piles
Ȝ thermal exchange
1. Introduction
The use of renewable energies in a low-carbon and fossil free context presents specific issues, summarized as 
follows: territory occupation and land consuming [1]; low energy density per unit [2]; social acceptance [3]; no 
programmability production of several energy sources ( i.e. wind and solar ) [4]: the electricity production can vary 
as a function of environmental factors, climate and weather, changing quickly in time [5,6], causing imbalances in 
the electricity grid and consequently discomfort. A system for intelligent energy storage and release should be 
developed, achieving the result of plant integration with renewable sources, focused on a reduced footprint, 
combined with a low consumption of territory and high energy density per territorial unit.
This work is developed in the context of the research project TIAR, Italian acronym for Rural Hydraulic 
Architectural Tower for energy [7]. The project aims at studying and implementing energetic and structural models 
allowing the integration of different renewable energy sources for production, storage and supply of electric and 
thermal energy with a reduced territory consumption. At the same time, the project aspire to the rehabilitation of 
ancient and architectural value building structures, i.e. vertical ones, to convert them in structures that focus on 
retrofit and energy efficiency optimization [8,9]: a new tower that should be versatile, efficient and replicable in 
other contexts as manufacturing, commercial and residential ones. 
The first phase of the project, carried out by the research group of architecture of the University of Perugia,
showed that the majority of rural building estates, placed in isolated areas unconnected by energy and transportation 
infrastructures, are in partial ruins and abandoned. A case study was chosen and a detailed relief was conducted. 
This paper summarizes the first results of the second step of the project, where a model prototype for renewable 
energy plants integration is defined and then applied to the chosen case of study. The plants for renewable energy 
are preliminary designed and sized.
The ongoing third step consists in the monitoring of the chosen case study, performing energetic analysis and 
modelling a digital prototype of the whole building. In the identified case study, some environmental monitoring 
systems (radiation, wind, humidity and temperature) have been placed. The CRB, Biomass Research Centre of the 
University of Perugia owns skills in environmental analysis: a weather station was equipped in the experimental 
fields for energy biomass production [10], for innovative biogas small plants fully automated and able to 
communicate with the power and thermal energy grid [11]. The photovoltaic and hydropower resources have been 
just designed. By the assembly of the collected information regarding the buildings (thermal properties of materials, 
energy loads and losses) and the environmental and meteorological data, it is possible to create a digital dynamic 
prototype of the chosen estate. 
The final product of the research project is to build up a software able to identify and to define the different 
scenarios on the integration of renewable energy sources with the HVAC plant (Heating, Ventilation and Air 
Conditioning) to supply the needs of users in the neighboring district, and also in consideration of the investment, 
the operative and management costs for the energy systems and the environmental impacts. 
The tower prototype will be simulated as provided by an ICT, logging meteorological conditions and forecasting 
data and users' energy absorptions loads. The software will optimize the energy production, solving the criticisms of 
the renewable sources and meeting energy production and absorption working by several kinds of storage systems
The tower system allows to focus, integrate and optimize the production from different energy sources, bringing 
together supply and demand; the tower constitutes a node of an energy smart grid or a way for energy supply in 
insulated areas.
In the next paragraphs a model prototype is showed and explained: all the energy features for electric and 
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thermal needs supply are specified and described in section 2. Then, in Section 3, the virtual prototype is modelled 
and designed for the chosen case of study: a rural estate in S. Enea near Perugia. Finally, conclusions of this phase 
of the project and the further development are depicted.
2. The model prototype
2.1. Electrical power supply
For the electric energy supply, two sources are combined: photovoltaics (PV), on the roofed head of the tower 
and of the annexed buildings, and hydropower. A tank in the head of the tower allows to have a hydraulic potential 
energy, for the turbine at any time, to cover photovoltaic lacks, caused by sudden loss of production, for 
meteorological causes such as cloudiness. Conversely, photovoltaic peaks, otherwise unusable, can be used to reload 
the water from the receiving tank at the foot of the tower up to the tank in the head. 
The evaluation model of the potential PV takes into account the total amount of the surfaces that can be covered 
with photovoltaic panels: the slopes of the roof facing southeast. The photovoltaic production is related both to the 
typical sun radiation features of the site of installation, the inclination of the panel with respect to the horizontal 
plane and to the yield of the technology.
The model is structured on the operation of the rules regarding PV incentive. The innovative PV modules are 
characterized by geometrical dimensions of 1.0 x 1.7 m; panels were subjected to all tests of the IEC standards, 
showing high resistance to high temperatures, to adverse weather conditions, showing a value of a mechanical 
strength of 5,400 Pa. In the first part of the project it is expected to monitor the electricity consumption of the 
structure and to install a data logger to register the energy flows. The digital model will be completed and able to 
predict the incentive obtained from the production and consumption of solar energy: that information is useful to 
define the investment costs and the business plan of the intervention.
The proposed hydropower prototype, with a potential energy power of 1–5 kW, is classified as a pico hydro 
(below 5 kW) [12] and is very useful in small, remote communities or for off-shore systems that require only a small 
amount of power [13]. The basic structure of the hydraulic plant is composed by three tanks at different heights:
– a suspended tank hung inside the rural tower, volume V1. Considering the dimensions of typical dove towers, 
the tank can have a volume variable between 40 and 60 m3 and an height H1 between 5 and 15 m;
– an underground tank, volume V2. This resource can be represented by a natural or artificial water tank. In fact
it is very common in hill areas to have the presence of small lakes that can be used as final destination of the water 
cycle. Other way it is possible to use and modify existing wells or at least to build up a new one. In the last 
hypothesis the tank will be located below a well where geothermal pipes will be located too. In order to take into 
account different scenarios that may occur in the lithology of the terrain, the well height H2 is at least 10 m and 
limited up to 25 m. The tank volume to limited to 120 m3 (70 m3 - 120 m3).
– a tank at ground level, volume V3. This tank would keep and recover meteoric water and make compensation 
between tank V1 and V2.
The idea is to use the water storage in two regimes to achieve electric energy by a hydraulic turbine for a 3 hour 
cycle (summarized in table 1). In the first hour the system will use the fall of water volume V1 located at total height 
H, defined as in the following:
1 2 H H H (1) 
In the other two hours, a volume V2 is moved from the ground level tank to turbines below located at 2H H 
.
Given the emptying time t of the tank, the installed electric power is calculated once known the volume Vt and 
WKHJOREDOHIILFLHQF\Ș DV
.tVP H g
t
K   (2) 
The digital model is also able to assess the costs of connection to the national grid and to decide the convenience 
to realize the connection to the grid or make the system working off-shore as a “stand alone”. In the case of 
connection to the electricity grid, it is possible to cash the incentive for the production and the placing of electricity 
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produced from renewable sources.
Table 1. Potential hydroelectric power for a 3 hour cycle.
Time H (m) V1 = 40 m3 V1 = 60 m3
1h
H1+H2 = 20 1.14 kW 1.72 kW
H1+H2 = 40 3.06 kW 4.58 kW
V2 = 70 m3 V2 = 120 m3
2 h–3 h
H2 = 10 0.67 kW 1.67 kW
H2 = 25 1.14 kW 2.86 kW
2.2 Thermal power supply
Thermal and cooling production is carried out by geothermal heat pumps integrated with a biomass boiler fed by 
residues which abound in rural areas where the towers were built. The detailed heating requirements for the building 
depend on the characteristics and climatic exposure of the site, the thermal characterization of the housing defined 
by installed materials and techniques for opaque and fixtures. The ICT will be provided with the data logger to count 
all the thermal consumptions during the day and all over the year.
As regarding the HVAC system for the thermal and cool air conditioning, different configurations can be chosen, 
depending on the renewable sources adopted; a specification is summarized as follows: geothermal heat pumps fed 
by PV source; biomass boiler with absorption chiller. 
Concerning the thermal supply, the model is based on a plant organized with geothermal heat pumps, with 
energy exchangers integrated in the structural micropiles. In general, the interventions of structural recovery of the 
tower, and in this case the need of a steel frame which supports the tank of water, impose structural choices that are
based on pile foundations such as concrete micropiles. 
CRB and some Operative Units of the University of Perugia will focus research on the integration of micropiles 
with thermal pipes evaluating the best configuration, the critical issues in terms of structural debilitation caused by 
thermal exchanges (Fig. 1). Therefore, the realization of such underground structures provides the opportunity for 
the installation of geothermal polyethylene pipes drowned within the concrete, in order to exploit the lateral surface 
of the pile as a heat exchange surface to yield or gain heat, depending on the season. The use of vertical geothermal 
piping saves surface and enables higher efficiencies [14]. The energy model involves the performance 
characteristics of the soil below the surface, calculated according to lithological characteristics of the ground, such 
as particle size and the water content of the soil.
Fig. 1. Scheme of a geothermal energy micropile and its hydraulic connections.
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Within European project "BEN – Bio Energy Network" the Biomass Research Centre has developed a 
georeferenced biomass register [15] in order to understand the biomass potential in the Umbria region [16]. 
Therefore it is possible to identify the potential of the territory in biomass and to define the possibility of a wood 
chip biomass boiler. The steps that are needed are primarily the harvesting, drying and storage of biomass, actions 
that are already being carried out for the maintenance of green areas relevant to the building.
When the material is dry, it is necessary to provide for chipping. A chipper machine must be installed which 
conveys the chipped material inside a tank sufficiently dimensioned from which biomass is loaded into the biomass 
boiler [17].
The boiler produces hot water feeding the underfloor heating systems and fan coils in winter. In summertime hot 
water passes through an absorption chiller for cold water production for cooling.
3. The case study
The rural tower for doves is a symbol of Italian sharecropping farmhouse in central Italy and it characterizes the 
rural landscape of the Umbria region. The dove towers make their first appearances for a defensive function between 
1300 and 1400; during the seventeenth century, the tower for doves has prevailed, now becoming a characteristic of 
the farmhouses [18]. 
The case study presented is an old furnace located in a building complex called Villa de Angelis, located in S. 
Enea, Perugia (Fig. 2a). The tower is built adjacent to the country house, using the traditional brick, taking 
advantage of the natural gradient of the land (located at a higher altitude compared to the other entrances to the 
building). It is realized in its classical monolithic form (the dimensions are: 3.7 x 6 x 11 m) with openings of small 
size in the highest part, just below the projection of the eaves (Fig. 2b). Despite the imperfect state of conservation 
of the structure, Villa De Angelis furnace has all the characteristics to be an ideal case study for the research project. 
The building adjacent to the tower will be renovated to establish a new business for tourist accommodation that 
consists of a country house with rooms on the upper floors.
Fig. 2.(a). Areal view of Villa de Angelis; (b). Architectural complex Le Fornaci.
3.1  Electrical power supply
The exposition of the site can be calculated with integrated models dealing with altitude, longitude and latitude 
values. For example, the total solar radiation of a surface inclined of 20° is shown in the figure below (Fig. 3a). The 
whole surface of the roof, including the tower and the adjacent houses, exposed towards southeast, and therefore 
useful for the installation of PV panels, is 166 square meters, with an inclination of about 20°, and it is suitable for 
the installation of 70 modules of 0.25 kW each. A possible layout, oriented towards the east is proposed in Fig. 3b.
Due to the available well oriented surfaces of the roofing, the overall installed peak power of the photovoltaics 
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modules is 17.5 kW. 
Fig. 3. (a)Total solar radiation in the site ;(b)The PV panels over the roof.
The total energy production (EE), considering a total yearly functioning of about 1,200 hours for the typical solar 
radiation in Umbria region [19], is about: 21,000 kWh.
For the hydroelectric plant, the project will take advantage of the relevant height of the complex Le Fornaci, 
making two jumps of 12 m, (difference between the centre of gravity of the gravity tank and the ground tank) and 8 
m (difference between the ground tank and the lake). It will use a single reversible pump at an altitude of 206.25 m 
above the sea level that will work in two regimes of power to take advantage of the tower tank volume and of the 
underground tank. The pump also will fulfil the purpose of lifting and moving the water between the three tanks. In 
table 2, the hydroelectric power available for a cycle of 3 hours is reported.
Table 2. Hydroelectric power production for a 3 hour cycle.
Time 1h 2h 3h
Electric power 1.81 kW 1.14 kW 1.14 kW
Considering a working time of 9 hours per day, the electrical energy produced in a day will be 12.3kWh 
corresponding to an yearly amount of 4478kWh. The water storages would have the following characteristics:
– suspended tank (z = 226.25 m) Volume = 47.25 m3 . The tank will be built inside the tower of the complex 
with the following dimensions: 4.5 m long, width of 3 m, height 3.5 m; the tank is made of stainless steel;
– lake (z= +206.25) Volume used = 120 m3. The project proposal consists in exploiting the water resource of the 
existing lake located just 90 m from the farm. The lake has an almost rectangular shape with sides of 33 m and 90 m 
and area of 3000 m2 (Fig. 4). 
Fig. 4. Areal view and scheme of hydroelectric plant at Le Fornaci complex.
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Surface Area and volume have been derived from Digital elevation model of terrain and study of recent aerial 
view of the zone. The application of hydrological and hydraulic models for different scenarios allows to evaluate 
inflow outflows towards and from the lake, the water storage and related flood risk [20]. Considering an average 
height of 1.5 m the available water volume will be about 4500 m3. The withdrawal volume is neglectable in relation 
with the one of the lake, so the influence of hydroelectric system on lake balance is not relevant. Anyway studies on 
the flow field and water surface moving, due to the presence of the pump-turbine system, can be conducted through 
the use of efficient CFD (Computational Fluid Dynamic) models [21,22].
– ground level tank. Volume= 150 m3. The third tank will be located, just below the ground surface in the 
depressed zone near the building. Considering the impermeable surface areas of buildings (308.3 m2) and the mean 
annual precipitation about 700 mm [23], the volume of tank will be V3 = 150 m3.The tank will be build up with 
porous cells [24] composed of prefabricated modules, coupled and easily installable. 
3.2Thermal power supply 
Prelminarly to the thermal power supply design, structural surveys have been conducted. Landslide phenomena 
have been detected in the hill side, caused by the seismic activity in recent years in Umbria and by the 
hydrogeological configuration affecting the whole area. Furthermore, the structural recovery of towers and the 
surrounding buildings show the need of micropiles consolidation integrated to the foundation, making realistic the 
possibility of geothermal integration in the micropiles instead of the installation of a biomass plant. The hill is 
characterized by recent deposits laying above an aquifer full of water; its geoWKHUPDOH[FKDQJHȜLVFRQVLGHUHGWREH
about 60 W/m and it is evaluated from a geological analysis of the soil. Below the floor level there are layers of sand 
mixed with lenses of clay, fully saturated by water as the plane of the aquifer is a few meters below the floor.
A geometry and thermometric survey has allowed us to define the volume and the total area of the building to be 
conditioned. The total volume is 1,800 m3; the covered inner surface is about 600 m2; the preliminary estimation of 
the full load thermal power needed for the air conditioning of the entire volume, known the geometric and 
thermometric characteristics of the building, is about 34 kW. The total energy consumption, estimated by analyzing 
the energy consumption of similar accommodation structure, is about 50 kWh/year for each square meter of inner 
surface, for a total of 30,000 kWh/year [25]. The installed power corresponds to two machines with a thermal power 
of 36 kW (18 kW/each) and a cooling power of 30 kW (15 kW/each) for summer conditioning. The geothermal 
pipes are calculated by considering a COP (Coefficient of Performance) of 4.1; the EER (Energy Efficiency Ratio) 
is 4.1. The power to be requested to the ground is evaluated in function of the COP of the machine and of the ground 
heat exchange yield. The total length of the geothermal pipes (Lgeo) integrated with micropiles is 455 m, calculated 
as in the following.
   36 1 1/ /geoL kW COP O   (3)
Assuming 20 m depth micropiles, it is possible to provide at least 23 micropiles with heat exchangers. 
4. Conclusions and further development
The case study is placed in the context of a "smart" logic to achieve high efficiency and energy saving for the 
development of the energy grids of the near future cities (i.e. the electric, the thermal/cooling and the methane nets). 
In this framework, the design of an integrated energetic rural tower represents, in its small way, an example of the 
highly integrated power grid, characterized by an ultra-high energy density per square meter of footprint land. The 
possibility of identifying a new function, the energetic one, for the vertical structures in rural areas with a particular 
historical and landscape value, is an opportunity for their restoration and the potential attraction of funding for the 
related activities carried out in such structures. It is estimated that only in the territory of the Umbria region there are 
more than a hundred [18] similar structures in a state of neglect and destruction that could be appreciated and 
recovered thanks to the role of energy producing and storing: it is essential for the settlement of business dining and 
farm i.e. country houses. 
The present work shows the preliminary studies on the energy model for the energy conversion and production 
for rural areas, solving the problem of energy supply. The system is supported by an ICT technology to record data 
regarding all the energy consumption and to program the energy production and storage depending on the weather.
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For each energy strategy, the operative costs will be planned and the environmental impacts such as the carbon 
dioxide emissions reduction will be evaluated. Electricity by PV for heat pumps feeding does not produce carbon 
emissions; otherwise feeding energy by the grid can adduce in Italy a quantity of 0.48 kg/kWh [26]. 
The economic impact in terms of enhancing the building, business start-ups and accommodation of new jobs are 
therefore conjugated to a generation and integration logic of renewable energy and low-carbon fossil free type, to 
which the strategic objectives Europe want us to go [27].
The further development of the project, now that the second phase of monitoring is going to finish, has just 
begun and concern the structural and energy design, in particular for thermal plants, and the software development.
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